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Approximately  40%  of annual  demand  for steel  worldwide  is used  to replace  products  that  have  failed.
With  this  percentage  set  to rise,  extending  the  lifespan  of  steel  in  products  presents  a signiﬁcant  oppor-
tunity  to reduce  demand  and thus  decrease  carbon  dioxide  emissions  from  steel  production.
This  article  presents  a  new,  simpliﬁed  framework  with  which  to analyse  product  failure.  When  applied
to the  products  that  dominate  steel  use,  this  framework  reveals  that  they  are  often  replaced  because  a
component/sub-assembly  becomes  degraded,  inferior,  unsuitable  or worthless.  In light of  this,  four  prod-
ucts, which  are  representative  of high  steel  content  products  in  general,  are  analysed  at  the  component
level,  determining  steel  mass  and  cost  proﬁles  over  the lifespan  of  each  product.  The results  show  that
the  majority  of the  steel  components  are  underexploited  –  still  functioning  when  the  product  is  dis-
carded;  in particular,  the  potential  lifespan  of  the  steel-rich  structure  is  typically  much  greater  than  itsailure
emand
actual lifespan.  Twelve  case  studies,  in  which  product  or  component  life  has  been  increased,  are  then
presented.  The  resulting  evidence  is  used  to tailor  life-extension  strategies  to  each  reason  for  product
failure  and  to identify  the  economic  motivations  for implementing  these  strategies.  The  results  suggest
that  a product  template  in which  the  long-lived  structure  accounts  for a relatively  high  share  of  costs
while  short-lived  components  can be easily  replaced  (offering  proﬁt  to the  producer  and  enhanced  utility
to owners)  encourages  product  life  extension.
 2013©
. Introduction
Over two million fridges and freezers are thrown away in the
K each year. The average lifespan of these refrigerators is eleven
ears, with newer models often only lasting half that time (BBC,
004). Such swift replacement is often attributed to compressor
ailure. Over a period of ten years, lubricant loss from the com-
ressor causes the small bearings to wear out. With compressor
eplacement cost comparable to that of a new refrigerator, con-
umers typically choose to replace rather than repair. The other
omponents in a refrigerator, which account for the majority of the
etal content, are still functioning at product end-of-life: the outer
ase, door, interior ﬁttings and heat exchanger are all working when
he fridge is discarded. These components could be used for longer,
nd are therefore currently under-exploited. Hence, the title of this
rticle refers to ‘exploiting’ the long functioning lifespan of steel
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in products, as opposed to ‘extending’ the lifespan of components
that may  already be functioning at product end-of-life.
The refrigerator is just one example of how the potential lifespan
of the components in a product are poorly exploited; the discarded
goods in nations’ scrap yards suggest this is inherent in ‘throwaway
societies’.
The replacement of discarded products drives production and
emissions from industry. This paper investigates how to increase
the lifespan of a product’s steel components, as reducing steel pro-
duction would have the greatest impact on industrial emissions;
the production of steel accounts for more emissions than any other
material. In 2008, it accounted for approximately 9% of the world’s
anthropogenic carbon dioxide emissions attributed to energy and
processing (IEA, 2008). Industrial data reported by Worrell et al.
(2007) and BCS (2007) shows that most of the energy needed in the
manufacture of steel products is used in the creation of the liquid
metal, not in post-solidiﬁcation forming and fabrication. The liquid
metal is produced by one of two routes: the reduction of the metal
oxide found in naturally occurring iron ore (primary production)
or by melting scrap (secondary production). Assigning a single ﬁg-
Open access under CC BY-NC-ND license.ure emission intensity to steel production is complex, as it depends
on the relative scale of primary and secondary production and the
carbon intensity of the electricity supply. However, Milford et al.
(2011) provide approximate ranges of carbon dioxide intensities
 license.
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from 100% primary to 100% secondary) equal to 1.6–0.4tCO2/t of
teel. Allwood et al. (2010) predict that from 2008 to 2050 global
emand for steel will double. Moreover, they predict that the share
f steel production required to replace buildings, equipment, trans-
ort and other steel products will increase from 40% to 80% in this
eriod. In light of this, reducing demand by exploiting the lifespan
f steel in products could help meet the IPCC’s target of reducing
lobal emissions to half of 1990 levels by 2050. An analysis equiv-
lent to that set out in this paper could be conducted for sources of
mbodied emissions other than steel.
New products are often more efﬁcient than older ones; there is,
herefore, a trade-off when extending the life of a product between
aving the embodied emissions associated with new production
nd failing to take advantage of the latest efﬁciency improvements.
his trade-off has been well studied, for example with regard to
roduct remanufacture by Gutowski et al. (2011), product design
nd utilisation decisions by Skelton and Allwood (2013) and prod-
ct reuse by Devoldere et al. (2009). In addition, the optimal life of
 range of products that face this trade-off has been calculated for
ars by Kim et al. (2003), for fridges by Kim et al. (2006) and for
ir-conditioning units by De Kleine et al. (2011). However, these
apers assume that use phase emissions improvements can only
e achieved through product replacement. The product upgrade
trategies put forward by this paper could be used to secure use
hase emissions improvements while prolonging the life of the
tructural core of products. As a result, although the pursuit of use-
hase emissions improvements is not tackled directly by this paper,
t is compatible with its ﬁndings.
The literature on design for long-life components and products
s focused on methods to repair and upgrade using three related
trategies: standardisation, modularity and functional segregation.
Standardised components and reversible, uniform joints facil-
tate easy replacement and adjustment because the same tools
nd techniques can be used. Webster and Costello (2005) suggest
stablishing a standardised ‘kit of parts’ for steel framed build-
ngs, determining a limited number of regular component sizes
redrilled with boltholes at set intervals.
Modular design separates a product into distinct
omponents/sub-assemblies with standardised interfaces, usually
ith reversible connections so that they can be easily replaced and
pgraded. Palani Rajan et al. (2005) attempt to assess the effect
f modularity on products’ lifespan using a “change modes and
ffects analysis” for seventeen consumer goods. They assess the
ikelihood of a product being discarded after potential changes
o how it is used (e.g. a kitchen chair now used as a computer
hair) and ﬁnd that greater modularity increases the lifespan of the
roduct because it is more adaptable (e.g. a multi-bit screwdriver
s more adaptable than a ﬁxed-bit equivalent).
The ﬁrst step in functional segregation is to identify the func-
ion that each element of a product performs. Once isolated, the
roduct or component can be redesigned so that only the ele-
ents most susceptible to failure need be replaced. Reversible
onnections aid functional segregation by allowing easy, quick
eplacement; Morgan and Stevenson (2005) and Bogue (2007)
oth consider this a critical enabler of longer lifespan products.
urmisevic and Brouwer (2002) argue that traditional construc-
ion techniques encourage integration rather than segregation of
omponents, causing demolition of buildings when only small
lterations are required.
Brand (1994) introduces a useful tool to analyse functional seg-
egation by examining the interaction between components within
 product. He distinguishes six systems within a building that he
epicts as layered upon each other. Each layer changes at a differ-
nt rate and affects the adjacent layers. Brand notes that building
lteration decisions are usually based on the slower-changing lay-
rs (e.g. structural capacity), but occasionally a faster-changingon and Recycling 84 (2014) 24–34 25
layer causes major alterations because it cannot be modiﬁed inde-
pendently (e.g. installing heavy equipment requiring structural
strengthening). Cooper and Allwood’s (2012) analysis on reusing
components at product end-of-life shows that many components
are still functioning even if the product has become degraded. For
example, wear of the engine often leads to car replacement, even
though many other car components are not degraded. In this paper,
the time for which these non-degraded components would con-
tinue to function is termed ‘residual lifespan’.
There are no studies that analyse the causes of failure of steel
products and that assess the extent to which failure occurs at the
product rather than the component level. In light of these ﬁndings,
this study addresses the following questions:
1. Why  are steel intensive products replaced?
2. Do we exploit the steel in products?
3. How can we reduce demand for steel by better exploiting the
steel components in products?
4. What pragmatic strategies are associated with these objectives?
5. What would motivate us to adopt these strategies?
2. Why  are steel intensive products replaced?
The causes of product failure are multifaceted, ranging from
inevitable physical degradation over time, to the deliberate cur-
tailment of product life by producers seeking to force replacement
purchases, to the voluntary premature replacement of prod-
ucts by consumers in the pursuit of psychological (as opposed
to purely functional) beneﬁts. Efforts to create a single set
of reasons for product failure from these various inﬂuences
include: Woodward (1997), who distinguishes between func-
tional lifespan, physical lifespan, technical lifespan, economic
lifespan, social and legal lifespan; Cooper (2005), who makes
the distinction between absolute (forced) and relative (unforced)
obsolescence; Thomsen and van der Flier (2011), who focus
on buildings and identify four types of failure along two axes
(endogenous–exogenous/physical–behavioural); and van Nes and
Cramer (2006) who deﬁne four types of failure (wear-and-tear,
improved utility, improved expression and new desires).
In order to examine life extension strategies to reduce steel
demand, a set of failure modes is required that applies to all the
key end-uses of steel, and is pertinent to both household and com-
mercial product replacement decisions. Table 1 displays the failure
framework constructed for this purpose, containing four failure
modes. Further information on how this proposed failure frame-
work relates to other existing similar frameworks is provided in
the thesis, Skelton (2013).
The two rows of the framework distinguish between failure that
arises from a change in the state of the product, and failure that
arises from a change in the desires of the user. The columns dis-
tinguish between changes that affect only the current individual
product and user, and more systemic changes that come about
through developments elsewhere in the market. These systemic
changes could be due to the performance of rival products, changes
to the environment in which the product is used, or alterations in
the regulations that govern its use.
The failure modes – degraded, inferior, unsuitable and worthless
– have been applied to Cooper and Allwood’s (2012) catalogue of
steel products, which includes all products that account for at least
1% of global end-use demand for steel. This was  done by mapping
the catalogue’s detailed causes of failure onto the failure framework
using the deﬁnitions presented in Table 2.
Fig. 1 combines the resultant information on product failure
with data on the ﬁnal destination of global steel production and
the average life of steel products from Cooper and Allwood (2012).
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Table  1
Product failure framework.
Degraded Inferior
The  performance of the product has declined. . . . . .relative to when it was  bought . . .relative to what is currently available
Unsuitable Worthless
The  desire for the product has changed. . . . . .in the eyes of its current user . . .in the eyes of all users
Cars
Trucks
Ships
Rail
Line pipe
Mechanical 
machinery
Electrical machinery
Domestic appliances
Other 
metal 
products
0 Mte
500 Mte
250 Mte
750 Mte
1000 Mte
Steel end use = 1025Mte/year
]
]
]
]
Other
Packaging
Average life expectancy 
for steel = 35years
12.5  5037.5250  62.5
Buildings (office
blocks, industrial
sheds etc.)
Bridges, tunnels,
offshore
Metal products
Degraded:
Disposable packaging designed
to be spent after first use
Inferior:
Low efficiency refrigerators 
Industrial equipment
Degraded:
Corrosion of steel pylons
Mech. equip. run into the ground
Inferior: 
Old machines replaced by 
multiple axis CNC machines
Construction
Degraded:
Corrosion and fatigue of
bridges, rail, pipes and 
offshore structures
Unsuitable:
1970s office blocks with 
separated offices and low 
floor to ceiling heights
Worthless:
Abandoned buildings in 
ghost towns.
Mining infrastructure once 
the resource has been depleted
Transport
Degraded:
Engine wear of cars & trucks
Corrosion of ships
Inferior:
Multi-deck cargo ships following 
introduction of standardised 
shipping containers in the 1960s
Fig. 1. Expected lifespan and cause
Table 2
Mapping detailed reasons for product failure onto the failure framework.
Degraded Inferior
Wear Rival product offers enhanced
functionality
Fatigue Rival product offers lower costs
Accidental damage Technology superseded
Product spent
Product repair not
economically viable
Scheduled life reached
Unsuitable Worthless
Change in circumstance Legislation that prohibits use
Change in preferences Changes in the environment in
which immobile products are used
Changes in legislation that
effect requirements placed
on productss of failure of steel products.
The share of total, global production accounted for by each product
is plotted on the y-axis; the expected lifespan of the products in
each category is shown on the x-axis; and examples of the causes
of product failure are given on the right hand side of the ﬁgure.
Fig. 1 shows that the average expected product lifespan is thirty-
ﬁve years, ranging from ﬁfty-two years in construction to eleven
years in metal products. The relatively short lifespan of metal prod-
ucts is due to short-lived domestic appliances, such as refrigerators,
and disposable steel packaging, such as food cans.
Degraded was the most common failure mode of steel products
included in the catalogue, affecting more steel-intensive product
groups than any other failure mode. Common degraded failures
include corrosion and fatigue in infrastructure (for example line
pipe); packaging designed to be ‘spent’ after ﬁrst use (for example
aerosol cans); wear of mechanical sub-assemblies in a transport or
industrial product (for example engine wear causing a whole car to
be scrapped). Due to established reuse routes (e.g. for second hand
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Table  3
Component level data sources.
Product Steel mass Potential lifespan and failure mode of components
Washing machine Park et al. (2006) ISE Appliances (2011)
Product Lifespan Institute (2008)
U.S. Department of Housing and Urban Development (2000)
7-Storey ofﬁce block Goodchild (1993) Scheuer (2003)
Sturgis and Roberts (2010)
Treloar et al. (1999)
Arup (2011)
Car Information received from a car
manufacturer
Information received from a car manufacturer
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equipment manufacturer
ars) Inferior failures were found to be relatively rare but do occur,
or example, when refrigerators with poor efﬁciency are replaced
ith newer, more efﬁcient versions. A signiﬁcant share of product
eplacements occur because of a change in users’ desires. Buildings
re the most signiﬁcant example: their steel elements undergo neg-
igible deterioration and they are demolished because they become
nsuitable (for example open plan ofﬁces are now preferred over
ndividual units) or Worthless due to more systemic changes in
references (for example derelict buildings in ghost towns).
. Do we exploit the steel in products?
To assess if steel components are fully exploited a compari-
on between the actual life of steel products and the potential life
f their components is required. In order to make this compari-
on, four products – which represent the four major end-use steel
ectors – are analysed at the component level. This analysis ﬁrst
dentiﬁes the products’ actual lifespans, reasons for failure and key
omponents. Typical data on the key components’ steel content
by mass), and potential lifespan are then collected from industrial
artners and from published, product-speciﬁc literature. The rep-
esentative products are a washing machine (metal products), a
ar (transport), an ofﬁce block (construction), and a 5m steel plate
olling mill (industrial equipment). Table 3 shows the data sources
hat were used to compile the component level information.
Data from the industrial equipment manufacturer and car man-
facturer were supplied on condition of anonymity.
The mass and lifespan data for the products’ components are
resented in Table S1 of the Supporting Information (S.I.). These
ata are used to create ‘step-graphs’ of each product’s cumula-
ive mass over time, accounting for both the initial steel content
sed in production and the steel within replacement components.
hese ‘step-graphs’ are shown in Figs. 2 and 3. Each coloured line
epresents the cumulative mass of a component over time. Any ver-
ical slice of the graphs sums to their products’ cumulative mass.
he length of each ﬂat section represents a component’s lifespan,
nd each ‘step’ indicates component replacement, increasing that
omponent’s and product’s cumulative mass. The failure of a crit-
cal component (always shown in red) causes the product to be
iscarded. The dashed vertical line shows product end-of-life; any
orizontal line to the right of this shows residual lifespan of a func-
ioning component currently discarded with the rest of the product.
 product’s steel demand rate – its cumulative mass divided by its
ifespan – is equal to the gradient of the grey line from the origin
o the intersection of the cumulative product mass and product
nd-of-life lines.Fig. 2 shows the cumulative mass over the lifespan of a wash-
ng machine. Typically, no components in a washing machine are
eplaced before it is discarded. Subsequently, there are no ‘steps’ in
ig. 2, and the cumulative product mass is equal to the initial massInformation received from an industrial equipment manufacturer
of 40 kg. Washing machines are typically discarded after six years,
due to wear of inaccessible bearings within the drum casing. The
structure, accounting for over half of the steel, has a potential life-
span of eighteen years, but is used for just six years. This twelve year
residual life (the difference between the actual life of the structure
and its potential life) means that a signiﬁcant share of the steel in
the washing machine is under-exploited.
Trends towards sealed sub-assemblies have deterred individual
replacement of washing machine components; however, for other
products component replacement is more common and this helps
exploit the long-lasting structural steel. Fig. 3 presents the cumu-
lative steel mass over time for a car, ofﬁce block and rolling mill
respectively.
A car’s engine is scrapped due to cylinder wear after thirteen
years, when the structure has eight years of potential life remaining,
and the transmission (gearbox) maybe relatively new. The internal
planning of an ofﬁce block has usually been replaced a number of
times until the owner’s desired internal plan becomes incompatible
with the structure and it is favourable to demolish and rebuild. The
structure of the ofﬁce block, however, could last twice as long as the
current building life of ﬁfty years. The rolling mill is the only prod-
uct for which the structure is fully exploited (no residual lifespan),
ﬁnally failing due to fatigue after one hundred years.
The y-intercepts of the step-graphs show that all four prod-
ucts have a long-lasting structure that accounts for the largest
initial steel mass share. Structural components will often have the
longest potential lifespan because they are subject to minimal wear,
fatigue and corrosion. Comparing the y-intercepts to the cumula-
tive masses at product end-of-life reveals that components that
have a relatively low steel mass, but which are regularly replaced,
can have a large impact on the steel demand rate. These are typi-
cally mechanical sub-assemblies, failing due to wear. The clearest
example is the work rolls in a rolling mill which, over the mill’s
hundred-year lifespan, account for two  new mills’ worth of steel.
4. How can we reduce demand for steel by better exploiting
the steel components in products?
The mass of steel required for a product to operate depends on
the steel mass in initial production and the steel mass in com-
ponent replacements. Reducing the demand for steel, therefore,
depends on reducing the average steel demand rate (the steel
used in a product spread over its lifetime), which is a function
of both these quantities. For products where there are no com-
ponent replacements (such as the washing machine), comparing
Figs. 2 and 3 reveals that the steel demand rate is the mass of the
product divided by the lifespan of its shortest-lived component. For
products with component replacements (such as the rolling mill), it
is the cumulative product mass divided by the product’s lifespan. In
this case, the cumulative product mass depends on the mass of the
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omponents and the rate at which they are replaced. The product
ifespan will correspond to the failure of one or more components.
In both scenarios, increasing the actual lifespan of high cumu-
ative mass components will reduce the steel demand rate
igniﬁcantly. The structure, if under-exploited, typically accounts
or a high proportion of the cumulative mass. Therefore, there
re two complementary objectives for reducing steel demand by
ncreasing the average lifespan of steel in products:
. Reduce the residual lifespan of under-exploited structural com-
ponents:
(a) By facilitating replacement of short-lived components.
(b) By extending the lifespan of short-lived components.
. Increase the lifespan of components with high cumulative mass.
Fig. 4 shows how the calculation for the cumulative mass step-
raphs of the washing machine and rolling mill (Figs. 2 and 3c)
hanges when these strategies are applied to the same mass and
ifespan data set. Light weighting of components, without any
ncreases to their lifespan, would also reduce the steel demand rate.
his has been addressed by Carruth et al. (2011) and is not studied
urther here.
Fig. 4a shows the modelled cumulative mass over time of a
ashing machine assuming that the drum, motor and heating
lement can all be easily replaced, fully exploiting the poten-
ial lifespan of the steel rich structure. This reduces the washing
achine’s steel demand rate from 7 to 3.4 kg/yr. Therefore, the
tructure’s residual lifespan, and the product’s steel demand rate,
an be reduced by either extending the lifespan of shorter-lived
omponents, or allowing them to be easily replaced. Increasing the
otential lifespan of a component with residual life (such as the
ashing machine structure in Figs. 2 and 4a) will have no affect onomponents over the product’s lifespan.
the steel demand rate because it will neither decrease the cumula-
tive mass nor increase the product’s actual lifespan.
Increasing the lifespan of short-lived components decreases
their cumulative mass and can greatly reduce the product’s steel
demand rate. Fig. 4b represents a rolling mill where the lifespan
of the work rolls has been increased from ﬁve to ten years. This
decreases the rolling mill’s steel demand rate from 250 to 210 te/yr.
An ofﬁce block structure (Fig. 2b) has a high residual lifespan
and dominates the cumulative mass. Applying the objectives above,
either the lifespan of the internal planning should be increased or it
should be made easily replaceable, reducing the structure’s residual
lifespan. Similarly, either increasing the lifespan of a car’s engine or
making it easier to replace would reduce the residual lifespan of a
car’s structure (Fig. 2a). Increasing the lifespan of a car’s suspension
would also be worthwhile as the suspension can account for a large
proportion of a car’s cumulative mass.
5. What pragmatic strategies are associated with these
objectives?
To achieve the objectives set out in Section 4, designers and
maintenance engineers require practical strategies. They also need
to know which product failure mode each strategy is applicable to.
A set of twelve ‘case study interviews’ with industry and academic
experts (who are experienced in extending the lifespan of products
and components) was  conducted in order to identify strategies to
address product and component failure. Each interview covered
the causes of failure, the technical strategies that had or could be
applied to extend product or component life, and the motivations
for these strategies. The resulting evidence on motivations is used in
Section 6. Table 4 provides a summary of the interviews conducted.
D.R. Cooper et al. / Resources, Conservation and Recycling 84 (2014) 24–34 29
Fig. 3. Cumulative mass of components over the products’ lifespans. (a) Car; (b) ofﬁce block; (c) rolling mill.
Table 4
Interviews undertaken to investigate lifespan extension strategies.
Case study Sector Interviewee/Source
Refurbishing modular buildings Construction Technical Manager, Foreman’s Relocatable Building System
Steel  rolling mills: replaceable work roll sleeves Industrial equipment Technology Manager, Siemens VAI
Adaptable foundations Construction Director, Arup
Adaptable, robotic packaging equipment Industrial equipment A fast moving consumer goods manufacturer
Durable infrastructure Construction Professor, University of Cambridge
Hard-wearing rails, replacing rails & resurfacing tram rails Construction Programme Manager, Network Rail
Carbon-ﬁbre aircraft body Transport Technical Fellow, Boeing
Restoring supermarket equipment Metal goods Development Manager, Tesco
Ofﬁce block refurbishment Construction Associate, Expedition Engineering
Steel mill upgrade Industrial equipment Senior Academic, Manchester Business School
Upgradable washing machine Metal goods Director, ISE appliances
Component reuse of oil rigs Construction/Industrial equipment Project Director, Able UK
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Details of each case study interview can be found in the S.I.
ccompanying this paper. Transferable lessons were identiﬁed
rom each case study and the resulting strategies were tailored to
he four types of failure: degraded, inferior, unsuitable and worthless.
From the interviews it became apparent that knowledge of the
nticipated failure mode determines the type of life extension strat-
gy that can occur. When the cause of failure can be foreseen,
easures can be taken to design-out the features that cause fail-
re. For example, high strength, hardwearing rail track can be used
o mitigate against rail-head wear that causes failure. When the
xact failure is less certain, or when design-out solutions do not
xist, features can be incorporated into the design that prevent
roduct failure by providing sufﬁcient ﬂexibility to adapt or replace
omponents. These strategies are referred to as design-in strategies
e.g. designing foundations to allow for different building conﬁgu-
ations). The interviews revealed that maintenance strategies are
he same as design strategies, but applied during the product’s life.
ig. 5 shows the strategies and their relevance to each of the four
ailure modes.
. What would motivate us to adopt these strategies?
Section 4 identiﬁed two objectives to reduce demand for steel:
1) components that fail early should be easily replaceable or have
heir life extended (to exploit the long lived structure) and (2) the
ife of steel rich components should be extended. Consumers are
ikely to help meet these objectives if component costs and com-
onent steel content are positively correlated: this would mean
hat light, short-lived components could be replaced at relatively
ow cost and that it would take longer to write-off steel rich compo-
ents. Producers, however, are more likely to contribute to meeting
hese objectives where high margins can be made on short-lived
eplaceable components. This business strategy has been adopted,
or example, for printers (where margins are made on cartridges),
offee machines (where margins are made through the sale of cof-
ee capsules, for example nespresso) and cameras (where margins
re made on ﬁlm, for example the sale of Polaroid ﬁlm prior to the
ominance of digital photography).e structure by replacing short-lived components; (b) reducing the steel demand of
This section presents ﬁndings on the conﬁguration of product
component costs and explores the extent to which the above state-
ments apply to the four case study products. The cost data for
the products are presented in Table S1 of the S.I. The data for the
car and the steel rolling mill were supplied by a car manufacturer
and an equipment manufacturer under the condition of anonymity.
Ofﬁce block and washing machine component cost data were taken
from Goodchild (1993) and Siemens (2012), respectively. The cost
data for the car reﬂects the component costs faced by a luxury
car manufacturer: it includes the cost of raw materials, the cost
of intermediary inputs (including proﬁts charged by suppliers on
these), and value added (e.g. component labour costs); it excludes
any margins that could be charged by the car manufacturer on sell-
ing these components individually to customers. The cost data for
the steel rolling mill, the washing machine and the ofﬁce block
reﬂects the price that is paid by the purchaser: in addition to all
producer component costs, proﬁt margins charged by the supplier
are included. In all cases costs are expressed as an index, with initial
total component costs equal to one.
Fig. 6 presents cumulative cost step-graphs for the four repre-
sentative products, analogous to the cumulative mass step-graphs
reported in Figs. 2 and 3. As replacement costs for components
are incurred at different points in time, future costs must be dis-
counted to reveal their current value. The appropriate discount rate
depends on factors such as the cost of capital to the user, risk pref-
erences and opportunity costs. In Fig. 6 a rate of 10% was  used.
This lies between the 3.5% recommended by the UK Treasury (HM
Treasury, 2003) for evaluating government projects and the 15%
used by a fast moving goods manufacturer to justify purchasing
decisions (S.I., case study 4). The wide variation reﬂects the chal-
lenge of accurately identifying an appropriate discount rate across
all product categories. Fig. 6 presents the effect of using one possi-
ble discount rate within the given range; the estimated costs and
timings should therefore be viewed as indicative rather than deﬁni-
tive.Fig. 6 includes the same steel rich components for each product
as in Figs. 2 and 3. For all products except the car, the most
expensive component does not contain the most steel (either
initially or over the lifetime of the product). The components with
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Durability  
- Use inherently long-lasting materials  
e.g. high-st rength, hard-wearing rail track 
- Design to avoid cause of degradation 
e.g. bridge details that prevent water 
ingress ; inst all a protection system such as a 
cathodic protection systems for pipelines 
 
Restore-ability 
- Return to ‘as new’ state  
e.g. re-treading worn car tyres 
-  Allow easy replacement of co mponents   
e.g. reitting interiors of second-hand 
modular buildings 
Upgradability 
- Allow easy addition or replacement of 
components with superior performance  
e.g. upgrade of control system to improve 
steel mill output 
No strategy as superior technology is 
unknown at manufacture 
Adaptability  
- Allow new or diff erent co mponents that can 
be interchanged/add ed easily  
e.g. old supermarket equipment 
supp lemented with new kit when moving 
location 
Flexibility  
- Provide extra functionality/capacity to 
accomm odate diff erent user requirements   
e.g. multi-purpose packing robots 
Mobility  
- Allowing relocation when local co nditions 
change 
e.g. re-locatabl e oil rigs 
 
Disass emble-ability  
- Allow co nst ituent sub-assembl ies or 
components  to be separated out to allow 
reuse e.g. reuse of ship plate 
 
DEGRADED 
UNSUITABLE 
INFERIOR 
WORTHLESS 
Fig. 5. Targeted strategies to address product and component failure.
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mhe highest cumulative cost shares are the services in the ofﬁce
lock and the electronic and control systems (part of the ‘other’
ategory) in the rolling mill and the washing machine. The car
s the only product for which the most expensive component
lso has the highest steel content; this is likely due to the high
uality of the material used by this luxury car manufacturer. For
he car and the washing machine the most expensive components
re not replaced; however, for the rolling mill and the ofﬁce
lock these relatively high cost services and control systems are
eplaced when they become inferior. This suggests that the rela-
ively high cost of manufacturing and installing components does
ot deter replacement if the replacement parts offer enhanced
unctionality.
Just as high component cost shares do not necessarily deter
eplacement, low component cost shares do not necessarily mean
hat replacement will occur. For example, the bearings in a washing
achine drum are relatively cheap but are not replaced because
hey are inaccessible due to integrated design. Products that fall
nto this category are prime candidates for redesign by applying
he strategies mentioned in the previous section.
Comparing the y-intercepts to the cumulative costs at prod-
ct end-of-life reveals that the proportions do not vary between
nitial and ﬁnal stages as much as the corresponding cumulative
ass graphs. This is best illustrated by considering the work rolls
Figs. 3d and 6d). The work rolls dominate the cumulative steel
ass but are only 2% of the cumulative cost. Lower discount rateswould result in a greater positive correlation between cumulative
component costs and steel content.
Based on the limited data provided here it is not possible to
draw broad conclusions, but the ﬁndings suggest that the rolling
mill template – in which the long-lived structure accounts for a
relatively high share of costs and short-lived components can be
easily replaced (offering proﬁt to the producer and enhanced utility
to owners) – encourages product life extension.
7. Discussion
In this section recommendations are made for extending the
lifespan of the steel in the four representative products by applying
the strategies presented in Fig. 5 and drawing on speciﬁc exam-
ples discussed in the case study interviews (detailed in the S.I.).
More generally, the impact of applying long-life strategies on the
designed level of modularity is then discussed.
A washing machine’s drum bearings, a car’s engine, and a
rolling mill’s work rolls all fail because they become degraded.
Both restorable design-in and durable design-out strategies could
be applied to prevent failure. For example, the lifespan of the
washing machine (see case study 11) could be increased by
designing for the motor and bearings to be replaced (easy access
to motors/compressors in white goods would also allow them
to be upgraded if they were superseded) or by installing more
durable bearings; car engine cylinders could be made from a more
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Fig. 6. Net present value of cumulative component costs over the products’ lifespans. All costs indexed to initial product cost = 1. (a) Washing machine; (b) car; (c) ofﬁce
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tlock;  (d) rolling mill.
urable alloy, or replaceable inserts could mitigate wear. In the
ase of rolling mill work rolls (see case study 2), the outer layer
s already made of a hard chrome steel, meaning that increas-
ng their durability may  be difﬁcult. However, the worn surface
ould become restorable by using a replaceable, short-lived work
oll ‘sleeve’ around the long-lived structural core (as suggested
y Hadjduk et al. (2010)). This latter principle could be applied
ore generally to address other types of failure e.g. replaceable
esthetic skins could be used to tackle failure of products or
omponents that become unsuitable because their aesthetics are
ated.
The ofﬁce block is demolished due to an unsuitable internal plan
hat is incompatible with the structure. Applying the strategiesfor an unsuitable failure from Fig. 5, the structure could be made
more adaptable,  with standard interface architecture so that mod-
ules could be replaced or extended from the existing structure to
cater for new requirements (see case study 1). Flexible buildings
also include extra space, ﬂexible ﬂoor to ceiling heights, and extra
load capacity in areas where this provision is likely to be required
(see case study 9).
Some of the above strategies require the use of more durable
alloys that have increased corrosion, fatigue or wear resistance. The
production of some highly alloyed, durable steels (such as stain-
less steels) emits twice the volume of carbon dioxide released in
the production of low alloy steels (Ashby, 2009). Subsequently,
a product’s cumulative steel mass alone is not a good indicator
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Table  5
Modular design responses to product failure.
Degraded Inferior
Isolate short-lived components
(typically those that are
subjected to wear or corrosion)
Isolate components that are most
likely to suffer due to technological
change (typically electronics)
Unsuitable Worthless
Isolate components that target the
product to speciﬁc consumer
groups (for example the internal
space plan of buildings or the
aesthetics)
Isolate components with the
highest residual value (typically
standardised components (e.g.
structural components) with
multiple alternative uses but also
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which a buyer can be found)
f cumulative emissions when both low and high alloy steels are
sed in a product. In this scenario, step-graphs of the product’s
umulative embodied emissions (rather than steel mass) over time
hould be constructed to help analyse the impact of any design-in or
esign-out strategy. This methodology can also be used to account
or non-ferrous materials used in a product. Degraded failure of
teel components should be considered on a case-by-case basis to
etermine the trade-off between selection of a more durable alloy
nd other design-in and design-out strategies.
The design strategies summarised in Fig. 5 show that all four
ypes of failure could be tackled through some form of modulari-
ation (isolating the components that have failed and so extending
he life of the remaining components). Examples from the inter-
iews include restoring worn tram rails, upgrading steel rolling
ill control systems, adapting building design whilst retaining the
oundations and, (in the case of unequivocal product failure) by
eusing components. Considering the different causes of failure,
able 5 summarises which components should be isolated in prod-
cts that fail for different reasons.
The economic viability of these strategies will have to be
ssessed on a case-by-case basis and take into account the mul-
iple inﬂuences on these decisions, not only the component cost
tructure. Nevertheless, this paper has presented some preliminary
vidence to suggest that product upgrade strategies are most likely
o be viable when the source of product failure can be isolated to
 subset of replaceable components that offer high value to users
as they enhance the functionality of the product) and can generate
igh margins for producers.
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